The integrity of the cerebrovasculature is regulated by a blood-brain barrier (BBB), comprised of cooperating cellular, junctional and transporter elements. As the interface between neural tissue and blood, the BBB protects the brain from toxins and pathogens and facilitates neuronal function 1,2 . BBB disruption is associated with multiple central nervous system (CNS) disorders, including stroke, glioblastoma, Alzheimer's disease and multiple sclerosis, and it contributes to the progression of these disorders [1] [2] [3] . Despite the potential benefit that BBB modulation might have in the treatment of CNS pathologies, the identity of endothelial receptors that control adult BBB integrity has remained elusive. It is also uncertain whether distinct mechanisms modulate the adult BBB during homeostasis as compared to disease states.
The integrity of the cerebrovasculature is regulated by a blood-brain barrier (BBB), comprised of cooperating cellular, junctional and transporter elements. As the interface between neural tissue and blood, the BBB protects the brain from toxins and pathogens and facilitates neuronal function 1, 2 . BBB disruption is associated with multiple central nervous system (CNS) disorders, including stroke, glioblastoma, Alzheimer's disease and multiple sclerosis, and it contributes to the progression of these disorders [1] [2] [3] . Despite the potential benefit that BBB modulation might have in the treatment of CNS pathologies, the identity of endothelial receptors that control adult BBB integrity has remained elusive. It is also uncertain whether distinct mechanisms modulate the adult BBB during homeostasis as compared to disease states.
The barrier function of the brain endothelium in mice develops during angiogenic invasion of the neuroepithelium at embryonic day 9.5 (E9.5). Normal embryonic CNS angiogenesis and BBB formation requires numerous genes, including Kdr (also known as Vegfr2), Nrp1, Nrp2, Tgfbr1, Tgfbr2, Gpr124, β-catenin (encoded by Ctnnb1) and Mfsd2a in the endothelium, and Vegfa, Wnt7a, Wnt7b, Id1, Id3
and Itgav or Itgb8 in the neuroepithelium [4] [5] [6] [7] . Moreover, the canonical Wnt-β-catenin signaling pathway plays an essential part in embryonic BBB formation; this pathway controls BBB formation via the action of ligands (Wnt7a/7b (refs. 8,9); Norrin [10] [11] [12] ), receptors (Fzd4 (refs. 10-13)), coreceptors (Lrp5/6 (ref. 14)), coactivators (Tspan12 (ref. 15); Gpr124 (refs. [16] [17] [18] ; Reck 19, 20 ) and β-catenin itself 8, 9, 21 . Moreover, the barrier property of the brain endothelium can be induced in vitro by Wnt-β-catenin signaling [21] [22] [23] .
Despite the well-established role of endothelial Wnt signaling in embryonic BBB formation, its contribution to adult BBB function under homeostatic and pathologic conditions remains poorly characterized. During homeostasis, endothelial Fzd4 deletion produces BBB compromise in adult mice 12 , whereas conditional deletion of endothelial Ctnnb1 in adult mice induces BBB breakdown and brain petechial hemorrhage, either through transcriptional activation or the adherens-junction functions of β-catenin 24 . During pathologic conditions, Wnt-β-catenin signaling in unfractionated brain tissue is correlated with tissue damage and hemorrhagic transformation after ischemic stroke 25, 26 , and endothelial Wnt-β-catenin signaling is functionally implicated in the regulation of vascular integrity in glioblastoma 27 .
We and others have shown that the adhesion GPCR Gpr124 functions cell autonomously in brain endothelium to regulate embryonic forebrain and neural-tube angiogenesis [16] [17] [18] . Gpr124 deletion elicits a pronounced embryonic lethal CNS-specific phenotype characterized by impaired angiogenesis and the presence of hemorrhagic glomeruloid malformations, coupled to developmental BBB defects and loss of expression of glucose transporter 1 (Glut1, also known as Slc2a1), a BBB marker. In this setting, Gpr124 functions as a Wnt7-specific coactivator of canonical Wnt-β-catenin signaling through undefined direct or indirect mechanisms 20, 28, 29 . However, the role of Gpr124 in pathologic conditions in the adult is unknown. Here, using adult mice with conditional knockout (CKO) of Gpr124 in the endothelia, we examined Gpr124 function and the role of downstream canonical Wnt-β-catenin signaling in homeostasis and pathology.
RESULTS

Postnatal or adult Gpr124 deletion does not affect CNS angiogenesis, BBB development or maintenance
To bypass the embryonic lethality of constitutive Gpr124 deletion, we created Gpr124 flox mice, in which the Gpr124 mutated allele contains exon 1 flanked by loxP sites, in the C57Bl/6J background ( Supplementary Fig. 1a ,b) 16 . We used Gpr124 flox/flox ;CMV-Cre mice to induce global Gpr124 deletion; in these mice, there was forebrain hemorrhage and embryonic lethality ( Supplementary Fig. 1c) , which was similar to the phenotype of mice with a Gpr124 lacZ knock-in null allele 16 . Next, we generated Gpr124 flox/− ;ROSA-CreER mice (global Gpr124 CKO) to achieve global Gpr124 deletion upon tamoxifen treatment ( Supplementary Fig. 2a,b) ; Gpr124 flox/+ ;ROSACreER littermates were used as heterozygous controls (het). Global Gpr124 deletion, when initiated either at postnatal day 1 or at 2-3 months of age, did not alter CNS vascular patterning, expression of the BBB marker Glut1 or survival over a subsequent 1-year period ( Supplementary Figs. 2 and 3 ), which contrasts with the absolute requirement of Gpr124 for developmental induction of endothelial Glut1 expression at E12. 5 (refs. 16,17) . Furthermore, global Gpr124 deletion, when initiated at 7-8 weeks of age, did not alter BBB permeability to small exogenous tracers, either Sulfo-NHS-biotin (molecular weight (MW) = 443 g/mol) or Evans blue (MW = 961 g/mol) ( Supplementary Fig. 4a-d) . Taken together, these results indicate that Gpr124 is dispensable for vascular homeostasis and BBB integrity in the adult CNS.
Gpr124 deficiency induces rapid BBB breakdown and hemorrhagic transformation following experimental ischemic stroke Given that Gpr124 deletion did not affect homeostatic CNS angiogenesis and BBB function, we next examined pathologic models. During brain ischemia and reperfusion, BBB breakdown underlies the development of edema and hemorrhagic transformation and facilitates reperfusion injury, inflammation and neuronal death 1, 30 . We used the transient middle cerebral artery occlusion stroke model (tMCAO), in which cerebral ischemia is followed by reperfusion 31 . We subjected male global Gpr124-CKO mice or control global Gpr124-het mice (12-14 weeks of age; mice of this age were used in all subsequent experiments) to 1 h of tMCAO and 1 d of reperfusion. The global Gpr124-CKO mice displayed increased BBB breakdown, as compared to control het mice, and rapidly developed parenchymal microvascular hemorrhages in the cortex and striatum of the stroke hemisphere within 24 h after the onset of reperfusion; these hemorrhages became more severe as reperfusion continued and were confined exclusively to infarcted regions. By contrast, hemorrhage in global Gpr124-het mice was less prevalent and, when present, was much milder (Fig. 1a,b,d and Supplementary Fig. 5a-c) . Accordingly, global Gpr124-CKO mice demonstrated a significantly increased neurological score (P < 0.01; Supplementary Fig. 6a ), reduced survival ( Fig. 1f) and increased infarct size (Fig. 1h) , as compared to control het mice. The defect in BBB integrity in global Gpr124-CKO mice occurred before hemorrhage, because increased leakage of the endogenous plasma protein fibrinogen and of the exogenous tracer Sulfo-NHS-biotin occurred as early as after 1 h after reperfusion, in the absence of erythrocyte extravasation (Fig. 1i,j and Supplementary  Fig. 5f ). Global Gpr124-het mice did not exhibit substantial differences in poststroke hemorrhage when compared to wild-type mice (data not shown), and endothelial Gpr124 expression was not altered by stroke (Supplementary Fig. 5h ).
Given that Gpr124 is expressed by both adult CNS endothelial cells (ECs) and pericytes (PCs) 16 , we next investigated whether the loss of Gpr124 expression in endothelial cells is responsible for the hemorrhagic-stroke phenotype in global Gpr124-CKO mice. We used an ECspecific Cdh5-CreER allele 32 , which is highly active in adult brain ECs but not PCs, given that tamoxifen treatment of Cdh5-CreER;ROSA-loxPStop-loxP-TdTomato mice (termed Cdh5-CreER;ROSA-TdTomato mice) robustly induced endothelial TdTomato expression (~90%; Supplementary Fig. 7a,c) . We treated Gpr124 flox/− ;Cdh5-CreER mice (EC Gpr124-CKO) and control heterozygous littermates (Gpr124 flox/+ ; Cdh5-CreER; EC Gpr124-het mice) with tamoxifen at 7-8 weeks of age. Tamoxifen-treated EC Gpr124-CKO mice exhibited robust reduction of Gpr124 mRNA levels in fluorescence-activated cell sorting (FACS)-sorted CD31 + ECs (>95%) but not Pdgfr-β + PCs (~2%) (Supplementary Fig. 7d ). After 1 h of tMCAO, male EC Gpr124-CKO mice fully recapitulated the rapid BBB breakdown and hemorrhagictransformation phenotype of male global Gpr124-CKO mice, with increased Evans blue extravasation as compared to EC Gpr124-het mice ( Fig. 1c-e; Supplementary Fig. 5d,e) . EC-specific Gpr124-CKO mice exhibited increased infarct size, reduced survival and worsened neurological scores as compared to control het mice ( Fig. 1g,h;  Supplementary Fig. 6b) . Notably, BBB leak in EC-specific Gpr124-CKO mice could be detected by plasma fibrinogen or exogenous biotin extravasation as early as 1 h after reperfusion, clearly preceding the onset of hemorrhage ( Fig. 1i,j; Supplementary Fig. 5f,g ). Although the outcome of ischemic stroke is sexually dimorphic owing to the effects of sex hormones, as well as other differences 33, 34 , both female global and EC Gpr124-CKO mice showed a hemorrhagicstroke phenotype similar to that of the corresponding male mice (Supplementary Fig. 8 ). Overall, endothelial Gpr124 seems to be essential for the maintenance of BBB integrity after the occurrence of acute brain ischemia and reperfusion injury.
Wnt-b-catenin signaling is active in adult cerebrovasculature and reduced by Gpr124 CKO Because embryonic Gpr124 deletion induces BBB deficits and lethal brain hemorrhage by decreasing endothelial Wnt-β-catenin signaling 20, 28, 29 , we tested whether Gpr124 similarly used Wnt-β-catenin signaling to regulate adult pathologic BBB function. Using BAT-Gal Wnt-reporter mice, in which β-galactosidase is controlled by a Wnt-responsive promoter 21 , vascular Wnt-β-catenin signaling has been shown to be decreased during postnatal and adult life as compared to embryonic CNS angiogenesis 21 , although numerous studies suggest that active Wnt-β-catenin , not significant, *P < 0.05, **P < 0.01, unpaired Student's t-test. (f,g) Survival of male global Gpr124-CKO mice (f) or EC Gpr124-CKO mice (g), together with their respective het controls, after 1 h tMCAO and 7 d reperfusion. P < 0.05, log-rank test.
(h) Quantification of infarct size determined by TTC staining of male global Gpr124-CKO mice or EC Gpr124-CKO mice, together with their respective het controls. Global Gpr124 het mice, n = 7; global Gpr124 CKO, n = 7; EC Gpr124 het, n = 5; EC Gpr124 CKO, n = 4. *P < 0.05, **P < 0. Fig. 9b ). These data collectively indicate the presence of active Wnt-β-catenin signaling in the adult cerebrovasculature. We next asked whether Gpr124 CKO reduces Wnt-β-catenin signaling in adult brain ECs. When transduced with Wnt7b adenovirus, primary cultured brain ECs from adult global Gpr124-het mice, but not from global Gpr124-CKO mice, showed increased expression of the Wnt target genes Axin2 and Apcdd1 (Fig. 2a) . Freshly isolated ECs sorted by FACS from adult global Gpr124 CKO showed significantly reduced expression of Axin2, Apcdd1 and Cldn5 mRNA levels, as compared to that in ECs from adult global het mice (Fig. 2b) . Notably, claudin 5 is a major brain endothelial tight-junction protein 35 that is regulated by Wnt signaling in ECs in embryos and in the adult brain 12, 28 . Expression of constitutively active β-catenin potently rescued impaired canonical Wnt signaling in ECs of EC Gpr124-CKO mice, as assessed by real-time (RT)-qPCR analysis of the Wnt targets Axin2, Apcdd1, Prkcb and Nkd1 in FACS-sorted brain ECs (Fig. 2c) .
To further evaluate the effects of Gpr124 deletion on Wnt-β-catenin signaling in vivo, we performed RNA-seq analysis using Ctnnb1 lox(ex3)/+ mice. In the Ctnnb1 lox(ex3) allele, exon 3 of Ctnnb1 (encoding β-catenin), which contains the negative-regulatory glycogen synthase kinase-3 phosphorylation sites, is flanked by loxP sites; excision upon tamoxifen treatment leads to the expression of a stabilized form of β-catenin protein, which results in constitutive activation of canonical Wnt signaling 37 . Accordingly, tamoxifen treatment of Ctnnb1 lox(ex3)/+ ;Cdh5-CreER mice (termed β-cat mice) resulted in endothelial-specific Wnt-β-catenin signaling activation. RNA-seq analysis of FACS-purified CD31 + adult brain ECs from β-cat and WT littermate control mice showed that a 12-gene Wnt signature was robustly induced by the activation of endothelial canonical Wnt signaling in vivo (Fig. 2d) . Moreover, this 12-gene Wnt signature was downregulated in brain ECs of global Gpr124-CKO mice below the baseline level in the control het littermates, as assessed by RNA-seq analysis, indicating a reduction of Wnt signaling upon Gpr124 deletion (Fig. 2d) . DAVID pathway analysis of differentially expressed genes 38 revealed that Gpr124-CKO and β-catenin activation reciprocally regulated genes important for extracellular matrix (ECM)-receptor interaction and cell-cell-matrix adhesion, angiogenesis and vascular development, and cell growth and death ( Supplementary  Tables 2 and 3) . Thus, Gpr124 is essential for the maintenance of adult cerebrovascular Wnt-β-catenin signaling.
Endothelial-specific, constitutive activation of Wnt-b-catenin signaling improves BBB function and rescues the Gpr124-CKO hemorrhagic-stroke phenotype To test the role of Wnt-β-catenin signaling downstream of Gpr124 in the stroke model, we performed RNA-seq analysis of FACS-sorted brain CD31 + ECs from global Gpr124-CKO mice as opposed to het mice, comparing ECs isolated from the stroke-and nonstroke-afflicted hemispheres after 1 h of tMCAO and 1 d of reperfusion. In het mouse brain ECs, the 12-gene Wnt signature was decreased significantly in ECs from the stroke-afflicted, as compared to the nonstroke-afflicted, hemisphere, and the gene signature was further decreased in Gpr124-CKO ECs as compared to control het ECs (Fig. 2e) . These data suggest that endothelial Wnt signaling is compromised by stroke and further decreased by Gpr124 deletion after stroke.
To test whether endothelial-specific activation of canonical Wnt signaling could rescue the reduced Wnt signaling and hemorrhagic stroke phenotype of Gpr124-CKO mice, we induced endothelial Gpr124 deletion by tamoxifen with or without endothelial-specific activation of β-catenin. In this experiment, Gpr124 flox/− ;Ctnnb1 lox(ex3)/+ ;Cdh5-CreER mice (EC CKO; β-cat) were used for combined endothelial-specific deletion of Gpr124 and activation of β-catenin, whereas heterozygous Gpr124 flox/+ ;Ctnnb1 lox(ex3)/+ ; Cdh5-CreER littermates (EC het; β-cat) served as controls. From the same crosses that generated the EC CKO; β-cat mice and EC het; β-cat mice, EC-specific Gpr124-CKO mice and Gpr124-het mice without β-catenin activation were also generated (EC CKO and EC het, respectively). Endothelial-specific β-catenin activation fully rescued the hemorrhagic stroke phenotype of endothelial Gpr124-CKO mice, including profound reduction of poststroke hemorrhage (Fig. 2f) , decreased infarct size (Fig. 2g), increased survival (Fig. 2h) and improved BBB function, as assessed by reduced Sulfo-NHS-Biotin and plasma fibrinogen extravasation (Fig. 2i,j) . Taken together, these results demonstrate that Gpr124 acts through canonical β-catenin signaling in the adult brain vasculature in stroke.
Gpr124-Wnt signaling regulates endothelial tight junctions, pericytes and extracellular matrix following stroke To further identify downstream effectors of Gpr124-Wnt signaling following stroke, we examined components of the neurovascular unitendothelial tight junctions, pericytes and basement membrane-that are essential for BBB integrity 1, 7 . Under homeostatic conditions, EC Gpr124-CKO mice showed significantly decreased Cldn5 mRNA and protein levels as compared to het control mice, which were rescued by superimposed constitutive β-catenin activation ( Fig. 3a; Supplementary  Fig. 10a,b) . Moreover, global Gpr124-CKO and het mouse brains did not markedly differ in pericyte morphology and coverage or perivascular ECM (laminin and collagen IV) (Supplementary Figs. 10c,d and 11) . In contrast to the lack of effects of Gpr124 deletion under homeostatic conditions, upon 1 h of tMCAO, global Gpr124-CKO mice but not het mice exhibited rapid detachment of pericytes from vessels in the infarct region within 1 d (Fig. 3b; Supplementary Fig. 11a,b) . Moreover, the detached Pdgfr-β + or desmin + pericytes in global Gpr124-CKO mice progressively disappeared after 3 to 5 days of reperfusion, whereas in Gpr124 het mice, the pericyte pool was substantially expanded, as assessed by both IF staining and electron microscopy ( Supplementary Fig. 11) . Notably, we observed pericyte loss in EC-specific Gpr124-CKO mice at day 5 following stroke, and EC-specific constitutive β-catenin expression fully restored poststroke pericyte coverage (Fig. 3c,d ). Global Gpr124 het, n = 4; global Gpr124 CKO, n = 4; EC Gpr124 het, n = 6; EC Gpr124 CKO, n = 6. **P < 0.01, unpaired Student's t-test. (h,i) Quantification of tumor volumes without (h) and with (i) compensation for edema. Global Gpr124 het, n = 4; global Gpr124 CKO, n = 4; EC Gpr124 het, n = 6; EC Gpr124 CKO, n = 6. Data are mean ± s.e.m. Individual mice are plotted. n.s., not significant, *P < 0.05, **P < 0.01, unpaired Student's t-test.
Pdgfb in endothelial cells and Pdgfr-β in pericytes regulate CNS pericyte coverage and BBB function [39] [40] [41] [42] [43] [44] [45] , and disrupted Pdgfb-Pdgfr-β signaling induces progressive pericyte loss in ischemic stroke and the aging brain 42, 46 . We therefore asked whether a loss of Pdgfb expression could underlie the progressive pericyte loss observed in Gpr124-CKO mice. By in situ hybridization or RT-qPCR of FACS-sorted brain ECs, we found that Pdgfb mRNA was significantly decreased in EC-specific Gpr124-CKO mice 1 d after stroke, as compared to that in EC het controls (Fig. 3e,f) , consonant with the rapid detachment and progressive loss of pericytes in these mice. Notably, EC-specific constitutive β-catenin activation increased endothelial Pdgfb expression by >60% (Fig. 3g) . The concomitant loss of perivascular laminin and collagen IV (col IV) in EC Gpr124-CKO mice was also rescued by constitutive β-catenin activation (Fig. 3h,i) . The expression of Glut1, a Gpr124 target gene in embryos 16, 17 , was not different between Gpr124-CKO and het mice, either with or without stroke (Supplementary Figs. 3  and 12a,b) . Notably, despite the BBB leak and hemorrhage observed in Gpr124-deleted mice after stroke and that angiogenesis occurs within the first week following stroke 47 , poststroke microvessel density did not differ between global Gpr124-CKO or EC Gpr124-CKO mice and their respective control het mice, after correction for edema (Fig. 3j,k  and Supplementary Fig. 12c) . Thus, the profound effects of Gpr124 deletion on BBB integrity, hemorrhage, tight junctions, pericyte and ECM occur independently of effects on angiogenesis; this conclusion is consistent with the extremely rapid onset of BBB leak in Gpr124-CKO mice at 1 h postreperfusion (Fig. 1i,j and Supplementary Fig. 5d,e) . Figure 5 Endothelial activation of Wnt-β-catenin signaling reduces tumor hemorrhage and edema in endothelial-specific Gpr124-deleted mice with glioblastoma. (a) Expression of Wnt-signaling target genes Axin2 and Apcdd1, as assessed by RT-qPCR, in FACS-sorted CD31 + ECs from normal brain and tumor tissue of EC Gpr124-CKO and het mice. n = 6 samples for EC het-normal, EC CKO-normal, EC CKO-tumor and n = 5 samples for EC het-tumor; each sample was FACS-sorted CD31 + ECs from pooled normal or tumor tissue from two mice of the same genotype. Data are mean ± s.e.m., *P < 0.05, **P < 0.01, unpaired Student's t-test. (b) Gross appearance, H&E histology and co-immunofluorescence staining of mouse IgG (mIgG) and CD31 of brain tumors in EC Gpr124-CKO versus het mice with or without constitutive β-catenin activation. EC het, n = 8; EC CKO, n = 6; EC het; β-cat, n = 6; EC CKO; β-cat, n = 6. Representative images are shown. Scale bar, 100 µm. (c) Quantification of mouse IgG signal density relative to that of CD31 signal in b. Five or six low-power fields per mouse were randomly selected. a.u, arbitrary unit. n = 4 mice per group. Data are mean ± s.e.m., **P < 0.01, unpaired Student's t-test. (d) Intratumoral edema, quantified as the area of interstitial space within tumors absent of tumor cells but instead filled with blood cells or plasma, relative to total tumor area. EC het, n = 5; EC CKO, n = 5; EC het; β-cat, n = 5; EC CKO; β-cat, n = 6. *P < 0.05, **P < 0.01, unpaired Student's t-test. (e,f) Quantification of tumor volumes in EC Gpr124 CKO versus het mice with or without constitutive β-catenin activation without (e) or with compensation (f) for edema. EC het, n = 5; EC CKO, n = 5; EC het; β-cat, n = 5; EC CKO; β-cat, n = 6. (g) Tumor-vessel density, quantified as CD31-positive signal area relative to tumor tissue area, with correction for edema. 6-8 low-power fields per mouse were randomly selected. EC het, n = 6; EC CKO, n = 5; EC het; β-cat, n = 5; EC CKO; β-cat, n = 4. *P < 0.05, unpaired Student's t-test. Data are mean ± s.e.m.
Endothelial Gpr124 deficiency increases tumor hemorrhage and reduces survival during experimental glioblastoma Next, we examined the effects of Gpr124 deficiency in glioblastoma (Fig. 4) , CNS pathology with impaired microvascular integrity 48 that, unlike tMCAO, does not have an ischemia-reperfusion component. Upon orthotopic intracerebral injection of syngeneic C57Bl/6 GL261 glioblastoma (GBM) cells, Gpr124 was expressed throughout tumor capillaries, similarly to its expression in capillaries of normal brain tissue (Fig. 4a,b) . Similarly to Gpr124 expression in mice, GPR124 was expressed in blood vessels in human normal brain and in GBM samples (Supplementary Fig. 13 ). GL261 tumor-bearing global Gpr124-CKO mice (fully backcrossed to C57Bl/6J) showed significantly decreased survival as compared to global het mice (Fig. 4c) , with substantially increased intratumoral hemorrhage and edema (Fig. 4d,g ). Gpr124 mRNA expression was strongly decreased (>95%) in ECs isolated from EC Gpr124-CKO tumors as compared to EC het tumors; moreover, a modest (20%) decrease in Gpr124 mRNA expression was observed in tumor as compared to nontumor endothelium in ECs isolated from EC het mice (Fig. 4e) . EC-specific Gpr124-CKO mice fully recapitulated the hemorrhagic tumor phenotype of global Gpr124-CKO mice (Fig. 4f,g ). Tumor volumes in global and EC Gpr124-CKO mice were not significantly different from those in het control mice, after correction for edema (Fig. 4h,i) .
Constitutive Wnt-b-catenin-signaling activation rescues
Gpr124-CKO-associated tumor hemorrhage and vascular phenotypes
We next asked whether, as in ischemic stroke, the Gpr124-CKO hemorrhagic phenotype in GBM was associated with decreased endothelial Wnt signaling and could be rescued by constitutive endothelial β-catenin activation. We found that expression of the Wnt targets Axin2 and Apcdd1 was decreased in GL261 tumor ECs as compared to normal brain ECs in Gpr124-het mice, and their expression was further decreased by EC-specific Gpr124 deletion (Fig. 5a) . Furthermore, endothelial-specific constitutive activation of β-catenin signaling rescued the tumor hemorrhage, BBB breakdown (as assessed by mouse IgG extravasation) and edema phenotypes of EC Gpr124-CKO mice ( Fig. 5b-d) . The increased tumor volume in EC Gpr124-CKO mice as compared to EC het mice was likely due to edema, because this difference was negated by correcting for this parameter (Fig. 5e,f) . Tumor microvessel density was significantly decreased in EC Gpr124-CKO mice after correction for edema (Fig. 5g) , which suggests a dual effect of Gpr124 deletion on both BBB integrity and angiogenesis. EC-specific Gpr124 deletion modestly affected tumor vessel morphology, leading to increased vessel diameter (Supplementary Fig. 14) . Notably, constitutively active β-catenin expression normalized vessel diameter in EC Gpr124-CKO mice (Supplementary Fig. 14) , but did not rescue tumor microvessel area density (Fig. 5g) .
The cellular and molecular consequences of defective Gpr124-Wnt signaling in the GL261 GBM model were similar to those in the tMCAO model. Tumor vessels in EC Gpr124-CKO mice exhibited decreased levels of the tight-junction protein Cldn5, decreased Pdgfr-β + and desmin + pericyte coverage and decreased amounts of the perivascular ECM molecules laminin and collagen IV (col IV), as compared to EC het controls; all of these endpoints were rescued by EC-specific constitutive β-catenin activation (Fig. 6a-d,f,g ). Pdgfb mRNA expression was decreased by ~40% in tumor ECs from EC Gpr124-CKO mice as compared to those from het mice (Fig. 6e) . We showed above that Pdgfb mRNA expression could be increased by >60% in the ECs of mice with constitutive β-catenin activation under homeostatic conditions (Fig. 3g) . These data suggest impaired Pdgfb-Pdgfr-β signaling as a potential mechanism for tumor pericyte loss in EC Gpr124-CKO mice. Tumor microvessels in EC Gpr124-CKO mice substantially lacked expression of the BBB marker Glut1, similarly to embryonic Gpr124 deletion [16] [17] [18] , and this defect was fully rescued by endothelial-specific constitutive β-catenin activation (Fig. 6h,i) . By contrast, Glut1 expression in tumor cells, which occurred distally to vessels, was strongly increased in tumors of EC Gpr124-CKO mice, and this expression was decreased by concomitant EC β-catenin activation ( Fig. 6h; Supplementary Fig. 15a) . These results are reminiscent of compensatory neuroepithelial Glut1 upregulation observed in Gpr124 knockout embryos [16] [17] [18] and possibly reflects hypoxic regulation of Glut1 in tumor cells 49, 50 . Tumor cell proliferation, as assessed by Ki67 IF staining, was decreased in Gpr124-CKO mice (Supplementary Fig. 15b,c) . Thus, in a setting of highly angiogenic glioblastoma, endothelial-specific Gpr124 deletion impairs both BBB integrity and tumor angiogenesis, in contrast to the setting of acute stroke, whereas the effects of endothelialspecific Gpr124 deletion on BBB function are dissociated from its effects on angiogenesis.
DISCUSSION
The mechanisms underlying adult BBB function and cerebrovascular integrity during pathologic conditions are of crucial importance, Figure 6 Gpr124-Wnt signaling increases BBB integrity in glioblastoma by regulating tight-junction protein, pericyte coverage, Glut1 and the ECM. (a) Co-immunofluorescence staining for Cldn5 and CD31 in tumors of GL261-implanted EC Gpr124 CKO versus het mice with or without constitutive β-catenin activation. Scale bar, 100 µm. (b) Quantification of Cldn5 signal density in (a) normalized to CD31 signal area. 6-8 low-power fields per tumor were randomly selected. n = 4 mice per group. Data are mean ± s.e.m. **P < 0.01, unpaired Student's t-test. (c,d) Co-immunofluorescence staining for Pdgfr-β and CD31 of tumors (c) and quantification of pericyte coverage (Pdgfr-β + and desmin + , d) in endothelial Gpr124 CKO versus het mice with or without constitutive β-catenin activation. Pdgfr-β and desmin signal areas were normalized to CD31 signal area. 6-8 low-power fields per mouse were randomly selected. n = 4 mice per group. *P < 0.05, **P < 0.01, unpaired Student's t-test. (e) Expression of Pdgfb, as assessed by RT-qPCR, in FACS-sorted brain tumor ECs from EC Gpr124-CKO and het mice. n = 5 samples for EC het, n = 6 samples for EC CKO; tumor tissues from two mice were pooled as one sample. Data are mean ± s.e.m. *P < 0.05, unpaired Student's t-test. (f,g) Co-immunofluorescence staining for laminin and CD31 and for collagen IV (col IV) and CD31 in tumor regions (f) and quantification of ECM protein abundance (g). Laminin and col-IV signal densities were normalized to CD31 signal area. 6-8 low-power fields per mouse were randomly selected. n = 4 mice per group. *P < 0.05, unpaired Student's t-test. (h) Co-immunofluorescence staining for Glut1 and CD31 in tumors of EC Gpr124-CKO versus het mice with or without constitutive β-catenin activation. Note the strong expression of Glut1 in tumor cells in both Gpr124 het and CKO tumors. Scale bar, 100 µm. (i) Quantification of the number of Glut1 + tumor vessels. 100-200 vessels were counted per tumor. n = 4 mice per group. Data are mean ± s.e.m. **P < 0.01, unpaired Student's t-test. (j) Schematic diagram illustrating the mechanisms underlying pathologic BBB breakdown and hemorrhage caused by Gpr124 deficiency. In ischemic stroke or glioblastoma, endothelial Gpr124 deficiency reduces Wnt7-dependent canonical β-catenin signaling, resulting in β-catenin activation-reversible effects: loss of tight-junction protein (Cldn5) and Pdgfb expression, pericyte loss, ECM disruption (laminin, collagen IV) and downregulation of endothelial Glut1 expression (in the glioblastoma setting only). Gpr124 deletion impairs angiogenesis only in the GL261 GBM, but not in acute stroke setting.
but are poorly understood. We identified the endothelial receptor Gpr124 as a pleiotropic regulator of adult brain BBB integrity during pathologic injury. Neither the postnatal nor adult cerebrovasculature requires Gpr124 for homeostatic function, but Gpr124 deficiency in pathologic conditions-ischemic stroke and glioblastoma-unmasks a pronounced cell-intrinsic endothelial susceptibility to microvascular damage, with pronounced BBB leak and hemorrhage accompanied by pericyte, ECM and tight-junction deficits. The similar phenotypes of Gpr124 −/− and Wnt7a −/− ;Wnt7b −/− embryos, both of which show angiogenic arrest and lack of BBB maturation, suggested that Gpr124-Wnt-mediated BBB formation may be obligately coupled to CNS angiogenesis 8, 9, [16] [17] [18] . Indeed, in the highly angiogenic settings of embryogenesis [16] [17] [18] or glioblastoma (the current study), endothelial-specific Gpr124 deletion induces hemorrhage and impairs BBB integrity, Glut1 expression and angiogenesis in parallel. However, in the acute tMCAO stroke model, where angiogenesis occurs at comparatively modest levels within the first week after injury 47 , endothelial-specific Gpr124 deletion does not impair angiogenesis, yet induces profound BBB compromise with edema, hemorrhage and multiple pericyte, ECM and tight-junction deficits. Furthermore, we observed Gpr124-dependent BBB leak within 1 h of reperfusion in the tMCAO model, a time point at which angiogenesis is unlikely to be occurring. Thus, Gpr124 regulation of vascular integrity and angiogenesis are not obligately linked and can, in fact, be dissociated in adult pathologic settings. Endothelial Gpr124 overexpression results in CNS-specific hypervascularity 16 , the effects of which in a stroke setting would be of interest to explore.
Our work indicates that a Gpr124-Wnt signaling axis, initially identified during embryonic CNS angiogenesis 20, 28, 29 , also globally maintains BBB functional characteristics during injury in the adult. We found that adult EC-specific Gpr124 deletion led to decreased expression of numerous neurovascular Wnt target genes, such as Axin2, Apcdd1 and Cldn5, in parallel with decreased expression of a multigenic BBB Wnt signature. Crucially, in both the stroke and GBM models, seminal BBB characteristics that are impaired by adult ECspecific Gpr124 deletion-overall BBB integrity, pericyte coverage, ECM deposition, tight-junction protein production and Wnt targetgene expression-are each strongly rescued by EC-specific constitutive activation of Wnt signaling via activated β-catenin (Fig. 6j) . In the GBM setting, expression of activated β-catenin rescued the effects of Gpr124 deletion on tumor vessel diameter but not microvessel density, which suggests that there is additional complexity to the mechanisms by which Gpr124 regulates angiogenesis in this setting. Our data represent the first demonstration, to our knowledge, that acute endothelial β-catenin activation in adult mice is sufficient to protect against BBB breakdown and improve neurological outcomes after ischemic stroke, a finding that might have translational implications.
It is not known whether Gpr124 regulation of Wnt7a and Wnt7b signaling during embryogenesis and in cultured cells 20, 28, 29 occurs by direct or indirect mechanisms. The glycosylphosphatidylinisotol (GPI)-anchored protein Reck has been reported to modulate Gpr124-Wnt7 signaling, again through unclear mechanisms 20, 51 . Intriguingly, global Reck +/− mice display augmented brain-tissue damage after ischemic stroke, although the endothelial-cell-autonomous role of Reck remains unclear 52 . The Gpr124 independence of the adult cerebrovasculature in homeostasis strongly contrasts with its Gpr124 dependence during injury. In this respect, Wnt signaling components such as Norrin and Fzd4 exhibit functional redundancy with Gpr124 during embryonic and postnatal BBB development 8, 9, 12, 14 . Given that Norrin and Fzd4 are abundantly expressed in adult brain vasculature [53] [54] [55] , these proteins could conceivably exhibit redundancy with Gpr124 during homeostasis but not disease states in the adult. Our data are consistent with a model in which disease states reduce endothelial Wnt signaling to a level insufficient to maintain a functional BBB, which results in low-grade BBB leak without hemorrhage. Gpr124 deletion during pathology further reduces endothelial Wnt signaling, which results in high-grade BBB dysfunction and hemorrhage (Supplementary Fig. 16 ).
Multiple pericyte, ECM and tight-junction outputs might, in coordination, underlie the BBB dysfunction arising from Gpr124 deficiency (Fig. 6j) . The Gpr124-regulated and activated β-cateninreversible BBB defects in tight-junction protein expression, pericyte coverage and ECM synthesis have each been reported to be individually sufficient in loss-of-function settings to induce BBB leak and/or CNS hemorrhage. Given that claudin-5 deficiency impairs BBB integrity, and that laminin γ1 or collagen IV deficiency leads to spontaneous intracerebral hemorrhage [56] [57] [58] , dysregulation of these proteins in endothelial-specific Gpr124-deleted mice could facilitate pathologic BBB compromise. Similarly, endothelial Gpr124 deletion is associated with reduced EC Pdgfb mRNA, which could underlie the marked and progressive pericyte loss during stroke or tumor, in an analogy to the decreased pericyte coverage and BBB integrity observed upon impaired Pdgfb-Pdgfr-β signaling during ischemic stroke 46 and glioblastoma 27 . ECM loss during stroke and glioblastoma in endothelial-specific Gpr124-deleted mice could be secondary to loss of pericytes, which regulate perivascular ECM production 59 . The observation that Gpr124 deletion leads to loss of the BBB marker Glut1 during embryogenesis 16, 17, 28 , and in glioblastoma, but not in stroke, represents an interesting dichotomy, because the former two settings are strongly neoangiogenic. Glut1 deficiency causes BBB breakdown in neonates 60 and could thus underlie the effects of Gpr124 deficiency on the BBB during both embryogenesis and tumorigenesis.
Overall, our findings indicate that the Gpr124-Wnt signaling axis functions as an essential defense mechanism deployed by the adult cerebrovasculature to protect BBB function and vascular integrity under pathologic stress conditions. Given the substantial deleterious consequences of BBB dysfunction during CNS disorders such as stroke, cancer and multiple sclerosis [1] [2] [3] , the Gpr124-Wnt pathway represents a novel opportunity for the therapeutic manipulation of cerebrovascular integrity.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. Excess antibody was removed by rinsing in PBS + 0.1% Triton X-100 for 10 min, 4 times. Samples were then incubated at room temperature for 1 h with the following secondary fluorescently labeled antibodies: FITC or Cy3 goat antihamster IgG, FITC or Cy3 goat anti-rat IgG, FITC or Cy3 goat anti-rabbit IgG, Cy3 goat anti-mouse IgG, FITC or Cy3 streptavidin (Jackson ImmunoResearch, West Grove, PA) diluted 1:400 in PBS + 1% BSA + 0.3% Triton X-100 for 1 h at room temperature. Excess antibody was removed by rinsing in PBS + 0.1% Triton X-100 for 10 min, four times. Slides were mounted in Vectashield mounting medium with DAPI (Vector labs, Burlingame, CA) and imaged with a Zeiss Z1 Axioimager with ApoTome attachment to obtain 10×, 20× or 40× images. Immunofluorescence signal area or density was quantified by ImageJ and normalized by vessel area (CD31 signal area). Pericyte coverage was quantified by measuring the IF staining signal length of pericyte or endothelial profile with the NeuronJ plugin for ImageJ.
Determination of BBB integrity. For sulfo-NHS-biotin perfusion, mice were deeply anesthetized with isoflurane. The beating heart was perfused via the left ventricle with 50 ml EZ-link-sulfo-NHS-biotin (0.5 mg/ml, cat. # 21217, Thermo Scientific, MA) in 1× PBS with Ca 2+ and Mg 2+ (GIBCO) over the course of 5 min, followed with perfusion of 50 ml ice-cold 1% PFA in PBS. Brains were then fixed in 4% PFA for 1 h at room temperature and cut into 2-mm-thick slices and transferred to 30% sucrose in PBS overnight at 4 °C before embedding in OCT. Frozen sections 10 µm in thickness were stained as described above with Cy3-strepavidin and FITC-CD31 or isolectin.
For Evans blue perfusion, 100 µl 2% Evans blue (cat. # E-2129, Sigma-Aldrich, MO) was injected i.v. retroorbitally. After 24 h, the mice were deeply anesthetized with isoflurane followed by transcardial perfusion into the beating heart via the left ventricle with 50 ml ice-cold PBS to remove the intravascular dye. The brains were divided into ipsilateral ischemic hemispheres and contralateral nonischemic hemispheres and then were homogenized in 1 ml of 50% trichloroacetic acid and centrifuged (10,000 rpm, 20 min). The supernatant was diluted fourfold with ethanol. The concentrations of Evans blue were measured with a fluorescence reader (620 nm excitation; 680 nm emission) and presented as ng per mg brain tissue.
Extravasation of plasma mouse IgG or fibrinogen was determined with immunofluorescence staining, as described above.
Histological analysis. Brain tissues were fixed in 4% PFA in PBS at room temperature for 1 h and transferred into 70% ethanol and embedded in paraffin. 5-µm-thick sections were obtained using a paraffin microtome with stainless-steel knives. The sections were mounted on glass slides, deparaffinized with xylene, dehydrated through graded series of ethanol and stained with hematoxylin-eosin.
Perl's iron staining. Perl's iron staining was performed on 5-µm-thick paraffinembedded specimens, as previously described 30 . Briefly, diaminobenzidineenhanced Perl's iron staining was conducted in deparaffinized tissue by incubation in 1% KFeCN/1% HCl for 15 min followed by methyl green counterstain.
Electron microscopy. Specimens from mice were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4), dehydrated, embedded in epoxy resin and visualized with a JEOL (model JEM1400) transmission-electron microscope with a LaB6 emitter at 120 kV, and processed at the Stanford Electron Microscopy facility.
FACS sorting and analysis of brain ECs. Brains of 12-24 week-old adult mice (male and female mice were both used) were minced with a razor blade and disaggregated in Type IV collagenase (400 U/ml, Worthington, Lakewood, NJ), Dispase (1.2 U/ml, Worthington, Lakewood, NJ) and DNase I (32 U/ml, Worthington, Lakewood, NJ) in 6 mL 1× PBS with Ca 2+ and Mg 2+ (GIBCO) at 37 °C for 60 min, with gentle trituration every 10 min. After adequate disaggregation, 1 ml of FBS (FBS) was added to the disaggregation reaction and the disaggregated cells were washed with 1× ice-cold PBS and filtered through a 40-µm mesh. After centrifugation at 400g for 5 min, cell pellets were resuspended in 10 ml 20% BSA and centrifuged at 1,000g at 4 °C for 25 min to remove the myelin. The pellets were then resuspended in 1× PBS/3% FBS/0.1% NaN 3 /2 mM EDTA and blocked with rat anti-mouse CD16/32 (Mouse BD Fc Block, BD Pharmingen) for 5 min on ice. Endothelial cells were labeled with PE-Cyanine7 rat anti-mouse CD31 (cat. # 25-0311-82, eBiosciences, CA), and pericytes were labeled with APC rat anti-mouse Pdgfrβ (cat. # 17-1402-82, eBiosciences, CA). PE rat anti-mouse CD45 (cat. #516087, BD Pharmingen, CA) and 7-AAD (Invitrogen) were added to exclude hematopoietic lineage cells and dead cells. Staining was done for 1 h at 4 °C. Cells were washed and PE-cyanine7-CD31 + / APC-Pdgfrβ -/PE-CD45 -/7-AAD -cells were sorted into EGM-2/MV medium (cat. # CC3202, Clontech, Mountain View, CA) with an Aria II sorter (BD) or analyzed with an LSRII analyzer (BD) at the Stanford University Shared FACS Facility, and FACS data were analyzed using FlowJo software (TreeStar). Cells were centrifuged at 2,000g at 4 °C for 10 min and resuspended in Trizol (Life Technologies) or extraction buffer of the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems) for RNA extraction.
Primary brain EC culture and adenovirus infection.
Brains of 12-24-weekold adult mice were minced and disaggregated as described above. After centrifugation at 400g for 5 min, cell pellets were resuspended in EGM-2 MV medium (cat. # CC3202, Clontech, Mountain View, CA) with 10% FBS and 4 µg/ml puromycin (to kill all the other cell types except brain ECs) and plated into fibronectin-precoated plates (10 µg/ml for 30 min at 37 °C). 2-3 d later, medium was discarded and cells were washed with PBS twice and medium was replaced with EGM-2 MV/10% FBS. The purity of isolated brain ECs was confirmed by CD31 and VE-cadherin immunofluorescence staining (>90% purity), with minimal contamination of pericytes (Pdgfr-β positive).
After 5 d in culture, primary brain ECs were infected with adenovirus expressing mouse IgG2α Fc fragment (Ad Fc) or mouse Wnt7b (Ad Wnt7b) at an multiplicity of infection (MOI) 50:1 for 2 d before being lysed in Trizol for RNA extraction. Ad Fc has been described previously 63 . Mouse Wnt7b cDNA was cloned in Add2 shuttle vector first and then cloned into the E1 region of E1 − E3 − Ad strain 5 by homologous recombination, followed by Ad production in 293 cells and CsCl gradient purification of virus, as described 63 .
Pdgfb mRNA in situ hybridization. Pdgfb mRNA transcripts were detected using the RNAscope 2.5 HD Reagent Kit RED (cat. # 322360, Advanced Cell Diagnostics, CA) and corresponding probe (cat. # 424651, Advanced Cell Diagnostics, CA) on 4% PFA fixed frozen tissue sections per the manufacturer′s instructions. A negative-control probe (DapB, cat. # 310043, Advanced Cell Diagnostics, CA) was included in the assay.
Real-time quantitative PCR (RT-qPCR).
Total RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA). RNA was reverse transcribed using iScript Reverse Transcription Supermix for RT-qPCR according to the manufacturer′s instructions (BIO-RAD, Hercules, CA). RT-qPCR was carried out on a StepOnePlus Real-Time PCR System using the Power SYBR Green method (Applied Biosystems). RNA expression was calculated using the comparative Ct method normalized to β-actin. Data were expressed relative to a calibrator using the 2−(∆∆Ct) ± s formula. Primer sequences for β-actin, Axin2 and Cldn5 are from a previous study 21 . The primer sequences for other genes are available from the Harvard PrimerBank upon request.
RNA-seq.
RNA extraction and 3′-seq. For brain ECs of global Gpr124-CKO versus het mice, total RNA was extracted using the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems). 3′-end sequencing for expression quantification (3′-end seq) was performed as described 64 . In brief, mRNA was first enriched from total RNA by poly-A selection to remove ribosomal RNA and other non-poly-A RNA. The mRNA was then fragmented to 100-200 bases. Oligo-dT-directed reverse transcription generated complementary DNAs corresponding to the 3′end of poly-A transcripts; the complementary DNA was amplified by PCR using the Ovation 3′-DGE System kit (NuGen Technologies, San Carlos, CA). Amplified cDNA was sheared using a Covaris ultrasonicator and then libraries were prepared using the Ovation SP + Ultralow DR Multiplex System (NuGen Technologies, San Carlos, CA). Deep sequencing was then
